Initiator tRNAs (i-tRNAs) are characterized by the presence of three consecutive GC base pairs (GC/GC/GC) in their anticodon stems in all domains of life. However, many mycoplasmas possess unconventional i-tRNAs wherein the highly conserved sequence of GC/GC/GC is represented by AU/GC/GC, GC/GC/GU or AU/GC/GU. These mycoplasmas also tend to preferentially utilize non-AUG initiation codons. To investigate if initiation with the unconventional i-tRNAs and non-AUG codons in mycoplasmas correlated with the changes in the other components of the translation machinery, we carried out multiple sequence alignments of genes encoding initiation factors (IF), 16S rRNAs, and the ribosomal proteins such as uS9, uS12 and uS13. In addition, the occurrence of Shine-Dalgarno sequences in mRNAs was analyzed. We observed that in the mycoplasmas harboring AU/GC/GU i-tRNAs, a highly conserved position of R131 in IF3, is represented by P, F or Y and, the conserved C-terminal tail (SKR) of uS9 is represented by the TKR sequence. Using the Escherichia coli model, we show that the change of R131 in IF3 optimizes initiation with the AU/GC/GU itRNAs. Also, the SKR to TKR change in uS9 was compatible with the R131P variation in IF3 for initiation with the AU/GC/GU i-tRNA variant. Interestingly, the mycoplasmas harboring AU/GC/GU i-tRNAs are also Downloaded by [Gothenburg University Library] at 10:16 13 September 2017 2 human pathogens. We propose that these mycoplasmas might have evolved a relaxed translational apparatus to adapt to the environment they encounter in the host.
Introduction
The eubacterial initiator tRNA fMet (i-tRNA) plays an important role in selecting the start codon. Two of the most crucial features of the bacterial i-tRNA important in its targeting to the ribosomal P-site are the formylation of the amino acid attached to it, and the presence of 3 consecutive GC base pairs (GC/GC/GC) in its anticodon stem [1] [2] [3] . Of these, the presence of the three GC base pairs is highly conserved in all domains of life. Interestingly, one of the many singular distinctive features of mycoplasma, and the α-proteobacteria (like the Rhizobium species) across the different species is the frequent presence of variations in the anticodon stem sequences of i-tRNAs ( Fig. 1) . While the i-tRNAs in many α-proteobacteria possess a variant AU pair in place of the 1 st GC pair (AU/GC/GC), many mycoplasmal species have i-tRNAs with variations at the 1 st and/or the 3 rd GC base pairs (AU/GC/GC, AU/GC/GU, or GC/GC/GU).
Selection of tRNA fMet at the P-site is orchestrated by the P-site elements of the ribosome and the initiation factors [4] [5] [6] [7] [8] (Fig. 2) . The P-site elements include the 16S rRNA residues (G1338 and A1339) 9, 10 , the m 2 G966 and m 5 C967 methylations (carried out by RsmD and RsmB, respectively) 11 , and the C-terminal tails of 30S ribosomal protein uS9 and uS13 6, 11, 12 . The nature of Shine-Dalgarno (SD) and anti-SD (aSD) interactions 13 and the rate of 50S association with the 30S pre-initiation complex also contribute to the selection of i-tRNA on ribosome 8, 14 . Studies in Escherichia coli from our lab stemming from the naturally occurring changes in the 3GC pairs revealed that only the 2 nd GC pair is essential for i-tRNA function 15 and subsequent investigations revealed that it is specifically the 'G' of the 2 nd GC pair (G30) which is the most crucial nucleotide 16 . Although an AU/GC/GU anticodon stem mutant i-tRNA can sustain E. coli, it substantially impairs the growth and overall fitness of the cell 15 . The 3GC base pairs license i-tRNA transitions from the 30S initiation complex to the 70S initiation complex and then to an elongation competent 70S complex following the release of IF3 16 . More recent work from our laboratory has also shown that the presence of intact 3GC base pairs is crucial for ribosome maturation 3 . As many mycoplasmal species are sustained on AU/GC/GU i-tRNA, it is reasonable to postulate that they may have coevolved with other genetic variations for an optimal utilization/P-site accommodation of the AU/GC/GU i-tRNA. For instance, it Downloaded by [Gothenburg University Library] at 10:16 13 September 2017 has been reported that mycoplasmal species lack various methyltransferases required for methylations of 16S rRNA residues 17 . Homologs of RsmB and RsmF (which methylate 16S rRNA at positions 967 and 1407) are present in Mycoplasma species which are sustained on the conserved GC/GC/GC i-tRNAs (M. capricolum, M. mycoides and M. synoviae) but not in the species lacking even one pair of the conserved 3GC base pairs.
RsmA, which methylates positions 1518 and 1519 in 16S rRNA is conserved across all the species studied.
Observations regarding the presence of RsmC and RsmD were inconclusive, as they were not distributed in any clear pattern. Mutations in methyltransferases (RsmB, RsmD and RsmF) in E. coli led to an elevated initiation with a mutant i-tRNA (3GC mutant) wherein the GC/GC/GC base pairs were changed to those found in the elongator species of tRNA Met (UA/CG/AU), indicating a likely evolutionary association between 16S rRNA methylation and the i-tRNA anticodon stem sequence.
This led us to wonder whether the organisms utilizing the variant i-tRNAs possess any other unique features in their translational apparatus to facilitate accommodation of the unconventional i-tRNA in the ribosomal P-site, for mRNA translation. To carry out a systematic analysis to address this question, we chose to investigate the features of the translational apparatus in mycoplasma. An advantage the mycoplasmas offer for such analyses is that they represent minimal genome sizes and that within the same genus, there exist different species which use i-tRNAs possessing either the conventional GC/GC/GC sequence or its unconventional variants. We carried out a computational analysis of the protein/RNA sequences. Among the various translation factors, IF3 (encoded by infC gene) plays a crucial role in i-tRNA selection and is known to inspect the i-tRNA for the 3GC base pairs in the anticodon stem 7, 18, 19 . Additionally, we analysed other members of the translational apparatus which play a role in i-tRNA selection, such as the other initiation factors (IF1 and IF2), the C-terminal tails of ribosomal proteins uS9 (encoded by rpsI) and uS13 (encoded by rpsM) which directly interact with the i-tRNA, uS12 which is an interacting partner of IF3, SD-aSD interactions which affect fidelity of i-tRNA selection and 16S rRNA residues (G1338 and A1339) which interact directly with the anticodon stem of i-tRNA. Furthermore, we investigated how these mycoplasmal features may help us understand translation initiation with the unusual AU/GC/GU i-tRNA in E. coli.
Results

Start codon usage in mycoplasmal species
The mycoplasmal species sustaining on AU/GC/GU i-tRNAs may have a translational apparatus adapted to suit initiation with the non-canonical i-tRNAs. Such a system might also influence start codon usage. Therefore, an analysis of the earlier data 20 was carried out and it indicates that among the species having more than 10% non-AUG start codons in their genomes, 75% belong to the AU/GC/GU group. putrefaciens and M. synoviae from the GC/GC/GC group) and used them to demarcate ORFs as described in Materials and Methods. In agreement with the previous studies, our analyses show that most of the species from the AU/GC/GU group use a higher percentage of non-AUG start codons (GUG, UUG, CUG, AUA, AUC, AUU, UUA, AAA, CCU, ACG) than the GC/GC/GC group (Fig. 3) . Subsequently, we carried out computational analyses of the primary sequences of various translational components.
Distinctive features of initiation factors (IF1, IF2 and IF3) in accommodation of i-tRNA with AU/GC/GU sequence
Sequences for IF1 could not be obtained for many mycoplasmal species rendering their analyses intractable; and for IF2 sequences, we did not observe any significant trends. In contrast, multiple sequence alignment of IF3 sequences obtained from NCBI using Clustal Omega revealed many polymorphisms at important positions. However, the polymorphisms which were consistent for all the AU/GC/GU i-tRNA containing species were found at the positions R131 (R131P/Y/F) and E134 (E134T/L/M/V/I) (E. coli numbering) which are otherwise conserved ( Table 1 , Fig. 4 ). The R131P mutation in E. coli IF3 (infC135) is a well-studied allele which was isolated as a suppressor of a start codon mutation of recJ 21, 22 , and has been implicated in the loss of its fidelity. Subsequently, the infC135 was found incapable of discrimination against anticodon stem mutants of i-tRNA 23 . Therefore, in Mycoplasma species such as M. ovis, M. pneumonia, M.
genitalium etc, the IF3 R131 polymorphisms may exist to allow sustenance of the organism on the noncanonical AU/GC/GU i-tRNA.
Analysis of mycoplasmal uS9 and uS13
The R131P mutant of IF3 is characterized by an overall loss of fidelity due to deficient discrimination against P-site binding of tRNA, start codon selection, initiation from leaderless mRNAs and with internal start codons in the absence of SD-aSD interactions. It is, therefore, possible that the Mycoplasma species with IF3 R131 polymorphism may harbor other genomic variations to compensate for the compromised activity of IF3. A well-studied protein involved in i-tRNA discrimination at the P site is the ribosomal protein uS9. In the crystal structure of T. thermophilus ribosomes, the C-terminal tail of the uS9 protein contacts the i-tRNA at positions 33 and 34 6 . The C-terminal tail sequence (SKR) of uS9 is also highly conserved amongst bacteria and its deletion leads to a modest decrease in cellular growth at 37 °C, but significant increase in cold sensitivity and a decrease in i-tRNA binding to the 30S ribosome 12 . Additionally, in vivo studies from our group have suggested that the uS9 C-terminal SKR sequence decreases P-site binding of anticodon stem mutants of i-tRNAs 11 .
In the multiple sequence alignment of uS9 sequences from numerous Mycoplasma species, we noted that the species that possessed AU/GC/GU i-tRNAs also harbored an S128T variation in uS9 (Fig. 5) , resulting in the change of conserved SKR tail of uS9 to TKR tail. Further, multiple sequence alignment of uS13 sequences revealed that the mycoplasmal species sustained on the AU/GC/GU i-tRNA also possessed longer uS13 tails ending in IESK, IETR or IEGKK sequences (Fig. 6 ). M. conjunctivae and Aster yellows witches' broom phytoplasma with GC/GC/GU containing i-tRNA are exceptions in that they also possess long uS13 tails. T. thermophilus crystal structures have indicated that the 118 th or final residue of uS13 contacts G29 of i-tRNA which is the first G of the universally conserved 3GC base pairs 6 . Therefore, the Cterminal tail of uS13 may have a role in anticodon stem discrimination. Although the uS13 tail tolerates more variability than the uS9 tail, it generally possesses basic residues which interact with i-tRNA. Deletion of 5 amino acids of the uS13 tail has no effect on growth of the cell which only slows at the deletion of 36 amino acids 12 . However, the binding affinity of the 30S subunit to all tRNAs is affected in the absence of even 5 amino acids from the C-terminal tail of uS13 (uS13Δ5). This is distinctly different from the phenotype of uS9
protein with a deletion of three amino acids from the C-terminus (uS9Δ3), because the uS9 tail displays specificity towards certain tRNAs such as the i-tRNA. The uS13Δ5 can rescue the cold sensitivity conferred by uS9Δ3, indicating the complementary effects of the uS9 and tailed uS13. However, the effects of lengthening the C-terminal tail of uS13 have not been studied.
Effect of uS9 and IF3 mutations on the growth of E. coli
The computational analysis revealed R131P allele of IF3, known as a relaxed fidelity allele 23 , as a unique feature of mycoplasmal species harboring AU/GC/GU i-tRNAs. It would seem unusual that a relaxed fidelity allele would be selected without a specific reason. Besides, in the light of our observation of genetic interaction between the C-terminal tail of uS9 and the 3GC base pairs in the anticodon stem of i-tRNA 11 , the co-occurrence of S128T change in the tail of uS9 in the same group of mycoplamas is also intriguing. Thus, to investigate the importance of co-occurrence of uS9 and IF3 variations, we generated an uS9 TKR (rpsI TKR::kan R ) mutation in E. coli and combined it with the infC135 (IF3 R131P) mutation 24 . We then generated E. coli strains that lacked chromosomal copies of i-tRNA genes (metZWV and metY) by sustaining them on plasmid-borne AU/GC/GU mutant i-tRNA (pmetY AU-GU ) or wild-type (GC/GC/GC) i-tRNA (pmetY) genes.
The strains also possessed the uS9 TKR and IF3 R131P mutations. In the strain wild type for IF3, presence of the uS9 TKR mutation is compatible with the IF3 R131P mutation in the presence of the AU/GC/GU i-tRNA.
Effects of IF3 R131P and S9 S128T mutations on initiation
To investigate the specific effect of the R131P IF3 and S128T uS9 mutations on initiation with the AU/GC/GU i-tRNA, we made use of our in vivo assay system wherein we use CAT am1 reporter having UAG initiation codon. In this assay, when a plasmid borne copy of the CAT am1 reporter (pCAT am1 ) is introduced into E. coli, it fails to produce chloramphenicol acetyltransferase (CAT). However, when pCAT am1 also harbors metY CUA gene encoding i-tRNA with CUA anticodon (as opposed to CAU) it results in CAT production providing a measure of the initiation activity of the i-tRNA 17, 25 . This reporter system allows introduction of specific mutations in metY CUA to assess their effects on the initiation activity of the encoded itRNAs. Hence, we mutated the GC/GC/GC sequence of metY CUA to AU/GC/GU and, as a control, to UA/CG/AU to generate metY CUA/AU-GU and metY CUA/3GC mutant i-tRNA genes, respectively. The pCAT am1 metY CUA , or pCAT am1 metY CUA/AU-GU or pCAT am1 metY CUA/3GC reporters were introduced into the parent strain (wild type), or its derivatives harboring IF3 R131P and S9 TKR mutations in singles or together, to assess the initiation activities of the i-tRNA mutants.
Initiation activities with metY CUA (wild type for GC/GC/GC, and serving as the wild type i-tRNA control), using the pCAT am1 reporter, remained largely unchanged when the uS9TKR or infC135 mutations were incorporated into the parent strain ( Fig. 8A (iii) ). However, with uS9 TKR, there was a decrease in initiation activity (compared to wild type uS9) to about half with the mutant i-tRNAs metY CUA/AU-GU ( Fig. 8A (i), compare bars 1 and 2) and a remarkable decrease in initiation with metY CUA/3GC , a tRNA that lacks all the three GC pairs in its anticodon stem ( We then decided to measure the combined effect of initiation with various start codons in the background of uS9 and IF3 mutations with pCAT AUG and pCAT AUA reporter plasmids (i. e. in the presence of chromosomally encoded i-tRNA genes). Initiation with the AUG start codon between the wild type strain and its uS9 TKR counterpart (Fig. 8B, compare bars 1 and 3) was not different. However, the infC135 mutation led to an increase in AUG initiation (Fig. 8B , compare bar 1 with bars 5 and 7). The uS9 TKR mutation has no discernible effect on initiation with the non-canonical AUA start codon (Fig. 8B , compare bars 2 and 4).
As expected from earlier studies 23 , in the presence of the infC135 mutation, AUA initiation increased ~175-fold (Fig. 8B , compare bars 2 and 6). However, this increase was mitigated (by about half) with the simultaneous presence of the uS9 TKR mutation (Fig. 8B , compare bars 6 and 8). Once again, we see that the relaxation (deficiency) of fidelity of initiation triggered by IF3 R131P is partially restricted by uS9 TKR.
Effect of elongated uS13 C-terminal tail on initiation with mutant i-tRNAs
Since we were unable to generate genomic uS13 variants with longer C-terminal tails, we used a uS13 deletion strain KL16ΔrpsM::kan referred to as KL16ΔS13 (a kind gift from Prof. Rachel Green) and overexpressed either the wild type uS13 or mutant uS13 with an elongated C-terminal tail (uS13 tailed). We observed that E. coli KL16ΔrpsM::kan grew much poorer than the wild type strain (Fig. 9A , compare curves 1 and 2). Both uS13 and tailed uS13 partially rescue the growth of KL16ΔrpsM (Fig. 9A , compare curves 3 and 4 with 2). Interestingly, towards the stationary phase we see that KL16ΔrpsM grows poorer in the presence of tailed uS13 than in the presence of uS13 (Fig. 9A , compare curves 3 and 4).
We then investigated the effect of the extended C-terminal tail of uS13 on initiation with the AU/GC/GU mutant i-tRNA (metY CUA/AU-GU ). We see that in log phase, the presence of the longer C-terminal tail does not affect initiation with the mutant or wild type i-tRNAs (Fig. 9B i, ii, and iii, bars 1 and 2).
However, in the absence of the uS13 protein, there is a six-fold increase in initiation with the AU-GU mutant i-tRNA (Fig. 9B (i) , compare bars 2 and 3). Interestingly, in stationary phase, the presence of a longer uS13 tail leads to an increase in initiation with the AU-GU mutant i-tRNA as compared to wild type uS13 (Fig. 9B (iv), compare bars 1 and 2) and an even greater increase in initiation with the 3GC mutant i-tRNA (Fig. 9B (v), compare bars 1 and 2). However, initiation with metY CUA with a wild type anticodon stem is unaffected by the longer uS13 tail (Fig. 9B (vi) , compare bars 1 and 2), indicating that the observations regarding AU/GC/GU and the 3GC mutant i-tRNAs are not a consequence of plasmid copy number variation.
Therefore, from our studies it appears that a longer uS13 tail leads to higher levels of initiation with anticodon stem mutant i-tRNAs only at stationary phase. This may be because of differential incorporation of the uS13 protein with longer tail at stationary phase (as opposed to log phase).
Discussion
Our computational studies have shown that the mycoplasmal species, which possess the AU/GC/GU itRNA variant also have numerous concomitant genetic polymorphisms, some of which influence initiation with the i-tRNA variants, in E. coli. The IF3 R131P polymorphism as also the presence of an elongated uS13 C-terminal tail (at stationary phase) leads to heightened initiation with the AU-GU i-tRNA, while the presence of the uS9 TKR mutation curtails initiation with the AU-GU i-tRNA. Therefore, we propose that the IF3 and uS13 variations in the AU/GC/GU mycoplasma group may have evolved to accommodate initiation with the unusual AU/GC/GU i-tRNA, while the polymorphism in uS9 may have coevolved to curtail the deleterious effects of excessive relaxation of translational fidelity. Additionally, our studies in E. coli are the first to show a functional interaction between the C-terminal tail of uS9 and IF3, whereby a mutation in the Cterminal tail of uS9 was able to partially rescue the fidelity defects of an IF3 mutant strain.
While we studied the roles of IF3, uS9 and uS13 in mycoplasmal initiation fidelity using our assay systems, we also considered additional translational features, which may have coevolved to affect translational initiation with the AU/GC/GU i-tRNA. For instance, the ribosomal protein, uS12 serves to modulate translocation of mRNA-tRNA complex through the ribosome 26 and it is also one of the interacting partners of IF3. On aligning mycoplasmal uS12 sequences, we noted that residue 53 (E. coli numbering) is K (as opposed to R) in species with AU/GC/GU tRNAs (Fig. S1 ). R53A mutation in uS12 of E. coli leads to hyper-accurate ribosomes which are resistant to the miscoding effects of paromomycin 27 . However, mollicutes have undergone years of AT-directed evolution, leading to the emergence of genomes with very low GC content 28 . Thus, there is a preponderance of lysine (codons: AAA, AAG) as opposed to arginine (AGA, AGG, CGN) 28 in mycoplasmal genomes. Therefore, it is possible that the AU/GC/GU group is simply more evolved in the quest for a genome with higher AT content. The 16S rRNA residues G1338 and A1339
form A-minor interactions with base pairs 30--40 and 29--41 in the anticodon stem of P-site bound i-tRNA and these interactions serve an important function in i-tRNA discrimination in the presence of IF3 6, 10 . Since variations of the conserved 3GC base pairs are found in mycoplasma, we wanted to verify that the residues G1338 and A1339 were conserved in mycoplasmal species as well. From our sequence alignments, it was evident that G1338 and A1339 remained intact in species from both the AU/GC/GU and the GC/GC/GC groups (Fig. S2) .
It has been shown from our group that the presence of an extended SD-aSD interaction leads to increased initiation with anticodon stem mutants of i-tRNAs 13 . Further, the ribosomal protein S1 which recognizes the SD sequence of mRNAs (reviewed in 1 ) and whose absence has been implicated in increased translation with leaderless mRNAs 29 , is missing in most mycoplasmal species 30 . The absence of S1 (except in M. pulmonis 31 ) is likely to make mycoplasmal species better suited to translation with leaderless mRNAs.
Therefore, we decided to study the characteristics of SD sequences present in our representative Mycoplasma species. We demarcated ORFs, aSD (Fig. S3 ) and subsequently SD sequences of 12 representative
Mycoplasma species as described in Materials and Methods. In the AU/GC/GU group, around 34% of the genes had SD sequences (Fig. S4, grey bars) . However, among the mycoplasmas with canonical i-tRNAs (GC/GC/GC), around 68% of the genes had SD sequences (Fig. S4, green bars) . Thus, there was a twofold difference in the frequency of usage of SD sequences. In the strains with the AU/GC/GU i-tRNA variant, there is likely to be a great deal of competition with the elongator tRNAs due to the lack of the conserved GC/GC/GC base pairs (which would ordinarily strengthen selection of the i-tRNA at the P site). It is likely that more genes do not have SD sequences to allow for greater scrutiny at the P-site and accurate selection of the AU/GC/GU i-tRNA.
The sequence AU/GC/GU (as opposed to GC/GC/GC) is symptomatic of AT-driven evolution.
However, the other variations in the translation apparatus are not unanimously indicative of AT-driven change ( Table 2 ). In the case of IF3 R131P/F/Y, which is probably the most influential variation, the changes to F and Y increase AT-content of the codon, but not the change to P. Similarly, the uS9 S128 residue changes to T in the AU/GC/GU group is also not AT-driven. We postulate that the initial change of anticodon stem sequence of i-tRNA (from GC/GC/GC to AU/GC/GU) may have been AT-driven but the subsequent changes to the regulatory elements of translation were probably adaptive mechanisms to allow initiation with the AU/GC/GU i-tRNA without a complete loss of overall translational fidelity. It is interesting to note that the mutations of IF3, uS9, and uS13 affect initiation with the 3GC mutant i-tRNA more significantly than with the AU-GU mutant i-tRNA. This might suggest that the evolution of the mycoplasmal translational apparatus which accommodates initiation with the AU/GC/GU variant i-tRNA may also allow initiation with elongator tRNAs. Initiation with elongator tRNAs alone has been shown to be possible under conditions of depletion of i-tRNAs and this has been predicted to lead to greater proteome diversity 32 . This sort of relaxed regulation may eventually give rise to an increased proteomic diversity which would be highly conducive to further evolution.
We recreated some of the mycoplasmal features in E. coli to study initiation with the AU/GC/GU itRNA, and observed that the IF3 R131P mutation allows an increase in initiation with the AU/GC/GU itRNA variant and the non-canonical start codon AUA but the accompanying overall loss of fidelity may be restricted by the uS9 S128T mutation. However, the combination of uS9 and IF3 mutations still accommodates initiation with mutant start codons and mutant i-tRNAs more efficiently than a wild type strain. Also, in stationary phase, the presence of a longer uS13 tail leads to an increase in initiation with the AU/GC/GU mutant i-tRNA and an even greater increase in initiation with the 3GC mutant i-tRNA.
According to a phylogenetic tree based on whole genome analyses by the Xiao group, M. genitalium, M.
gallisepticum, M. penetrans and M. pneumoniae cluster together in the same clade (clade V) which is the human-infecting lineage 33 . M. gallisepticum is an exception as it infects poultry but it is also under the strongest selection pressure in the clade indicating evolutionary flexibility and a potential to adapt to new environments. The Ureaplasma species clustering together in clade I are also the agents of human infection.
The Ureaplasma genus is especially interesting because it accommodates initiation with the AU/GC/GU itRNA with an intact Arg at position 131, indicating the involvement of other genetic variations to accommodate this unusual i-tRNA. Since all members of clades I and V are also species which are sustained on AU/GC/GU i-tRNAs, future investigations into the translational machinery of these mycoplasmal species are imperative.
Material and Methods
Materials Chemicals, Enzymes and Radioisotopes
Media components were obtained from BD Biosciences (Difco TM , USA) or HiMedia (India). The enzymes used in various nucleic acid restriction and modification procedures were a product of Finnzymes (Finland), New England Biolabs (USA), Roche (Germany), Promega (USA), GE Healthcare (UK) or Bangalore Genei (India). Chemicals (molecular biology/ analytical grade) were from Sigma (USA), GE Healthcare or Qualigens (India). Antibodies were procured from Merck Millipore (Germany). Radioisotopes were obtained from Board of Radiation and Isotope Technology (BRIT, India) or American Radiolabeled Chemicals Co.
Pvt. Ltd (USA). DNA oligomers were synthesised by Integrated DNA Technologies (USA) or Sigma-Aldrich (India). DNA sequencing was done at Macrogen (S. Korea).
DNA oligomers, bacterial strains and plasmids
These are listed in Tables 3, 4 and 5 respectively.
MethodsBacterial growth and culturing conditionsE. coli and its derivatives were grown in LB and LB agar plates (Difco). Media were supplemented with ampicillin (Amp, 100 μg/ml), chloramphenicol (Cm, 30 μg/ml), kanamycin (Kan, 25 μg/ml), or tetracycline (Tet, 7.5 μg/ml) as required.
Growth curve analysis
Growth curve analysis was done by taking four independent colonies of each strain (as specified). They were grown to saturation in LB with appropriate antibiotics at 37 °C and diluted in LB medium. Aliquots (200 μl)
of the diluted culture were taken in honeycomb plates and shaken in automated Bioscreen C growth readers (Oy Growth, Helsinki, Finland) maintained at 37 °C temperature. The OD 600 was measured at 1 h intervals, and data were plotted as mean ± standard error of mean.
Genetic manipulations of E. coli
E. coli cells were made transformation competent by the rubidium chloride method and transformation was carried out by heat shock method 34 .
Generation of uS9 mutants
The uS9 TKR mutant strain and a control strain with wild type uS9 linked to the kan R cassette were generated by the method described in 24 . Briefly, the kan R cassette from pKD4 was amplified with S9 SKR Fp (for KL16 rpsI SKR::kan R ) or S9 TKR Fp (for KL16 rpsI TKR::kan R ) and S9Δ3 Rp. The PCR product was purified from agarose gel and electroporated into KL16/ pKD46. The strain was validated by PCR with S9 Fp and S9 Rp. The PCR conditions were, 94 °C for 5 min followed by 30 cycles of 94 °C 1 min, 68 °C 40 s, 72 °C 2 min 40 s followed by a final extension of 72 °C 10 min.
Preparation of cell-free extracts and CAT assays
Cell free extracts were prepared as described 18 and their protein contents were quantified by Bradford's assay 35 . Chloramphenicol acetyltransferase assays were carried out from four independent colonies 11, 14 and the mean values were plotted, with standard errors.
Bioinformatic analyses
Multiple sequence alignment (MSA) was carried out using Clustal Omega and visualised using Jalview ] The SD position was mapped on the mRNA, to find the distance from the start codon.
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